INTRODUCTION
General features of those observations can be summarized as follows. Above a threshold current, there is a strongly increased radiation of the beam in the range of wavelengths shorter than the hunch length. X < U,. AI large currents, this radiation is observed as a sequence of random bursts. In the bursting regime, intensity of the radiation scales a p proximately as square of the number of panicles in the bunch, indicating a coherent nature of the phenomenon.
It is generally accepted that the source of this radiation is related to the microbunching of the beam arising from development of a microwave instability. The impedance that causes the instability may be due to geometric wake fields from the vacuum chamber, especially in the rings with long bunches 11.21. However, according to diffraction model 171, the longitudinal impedance falls off with the frequency as w-'12 and cannot account for the instability at the wavelengths of order of a fraction of a millimeter. It has long been known that the synchrotron radiation itself generates a collective force [8] which, if the beam current is large enough, can alter the dynamics of the beam.
The impedance associated with the synchrotron radiation increases with the frequency as w113. A possible instability due to this force has been pointed out in Refs. 19,101.
Typically in rings, the coherent 'synchrotron radiation at wavelengths 'of order of uz is suppressed due to the shielding effect of conducting walls of the vacuum chamber [ I l l . However, the wavelengths shorter than U. may not be shielded, and this allows to develop a simple theory of the CSR instability which assumes a coasting beam approximation and uses a CSR wake as the only source of the instability [121.
CSR -REVIEW OF THEORY
In application to the CSR instability, we are interested in the synchrotron radiation at wavelengths of the order of a size of microbunches. with a frequency w typically well below the critical frequency for the synchrotron radiation.
For an ultrarelativistic panicle with the Lorentz factor 7 >> 1, in this range of frequencies, the spectrum of the radiation dP/& (per unit length of path) can be written as where W H = eB/ymc. with B the magnetic field, e the electron charge, m the electron mass, c the speed of light, and r the gamma-function. The characteristic angular spread 0 of the radiation with reduced wavelength A (where X = c/w = 1/k) is of order of 0 -(X/R)'13, where R is the bending radius, R = c/wH. Another important characteristic of the radiation is the formation length lf: If -X/BZ -(XR2)'f3-thk is the length after which the electromagnetic field of the particle moving in a circular orbit "disconnects" from the source and freely propagates away. In a vacuum chamber with perfectly conducting walls, whether this "disconnection" actually occurs depends on another parameter, often called the 'transverse coherence size". 11. An estimate for 11 is: 
dw bunch dw 
RADIATION REACTION F O R C X S R WAKE FIELD
The collective force acting on the beam due to its coherent synchrotron radiation is described in t e r m of the so called CSR longitudinal wake [E, 14, 151 . For an ultrarelativistic particle, in one-dimensional approximation, this wake (per unit length of path) is given by the following formula:
The wake is valid for distances z such that R >> z >> R/y3-a general behavior of the wake function including also distances z -R / y 3 is shown in Fig. 1 . The wake is localized in front of the particle in contrast to "traditional" wakes in accelerator physics which trail the some charge [7] . This IS explained by the fact that the charge follows a circular orbit and the radiation propagates along chords getting ahead of the source. The wake given by Eq. (3) bas a s m n g singularity at z -+ 0. In calculations, this singularity is eliminated by integration by parts and using the fact that the area under the curve w(z) is equal to zero.
A simple wake Eq. 
CSR INSTABILITY
Due to the CSR wake, an initial small density permrbation 6n induces energy modulation in the beam 6E. A finite momentum compaction factor of the ring converts 6E into a density modulation. At the same time, the energy spread of the beam tends to smear out the initial density perturbation. Under certain conditions, which depend on the beam current, energy spread. and the wavelength of the nmdulation. the process can lead to an exponential growth of the perturbation.
A quantitative description of the instability can be obtained if we assume that the wavelength of the perturbation is much shorter than the bunch length. X << uz, and use a coasting beam approximation. In this case, the dispersion relation for the frequency w is given by the Keil-Schnell
where n is the number of particles per unit length, g is the momentum compaction factor of the ring. To = e z / m 2 , Z ( k ) is the CSR impedance given by Eq. (4). f(6) is the energy dismbution function normalized so that f(6)da = are the reduced wavelength X,h = a3/*R-'/' for the shielding cutoff, and the instability threshold Xth = 0 . 5 R k 3 / ' . The beam is unstable for perturbations with the wavelengths between 2nXth and 2nX,h.
There are several effects that are neglected in the simple theory described above. First, a zero transverse emittance of the beam was assumed. Second. the synchrotron damping 7 d due to incoherent radiation was neglected which makes the growth rate of the instability somewhat smaller, Im w -Im w -7,j [ 191. Finally, the retardation effects were neglected which is valid if the formation time for the radiation is smaller than the instability growth time. 
NONLINEAR REGIME
After initial exponential growth. described by a linear theory, the instability comes into a nonlinear regime. Study of the nonlinear regime requires numerical simulation. Such simulations have been carried out in Ref. 1201 where the authors numerically solved the Vlasov-FokkerPlanck equation, including CSR shielding with parallel plates, damping and quantum fluctuations due incoherent radiation.
The results of the numerical simulation can be described as follows. Initially, there are rnicrosrmctures in the bunch of very small amplitude, giving small Fourier components with short wavelengths. Above a current threshold these Fourier components build up exponentially in agreement with linear theory described above. There is a corresponding bunt of radiation. but it is limited in duration by a quick smoothing of the phase space distribution. Continued exponential growth is prevented by the intrinsic nonlinearity of self-consistent many-particle dynamics, which also contributes to phase space smoothing through quick generation of a relatively large spectrum of Fourier modes. Within one or two synchrotron periods the micmsmctures have almost disappeared. the overall bunch length has increased, and the burst of coherent radiation is finished. Next, radiation damping and diffusion from the usual incoherent radiation gradually reduce the bunch length and energy spread, restoring the conditions for instability and another burst. 
COMPARISON WITH EXPERIMENT
A detailed comparison of the theory with observations has been carried out in the experiment at the Advanced Light Source (ALS), a 1.9 GeV electron storage ring [6].
The authors presented experimental evidence indicating that the instability thresholds predicted by the microbunching model correspond to the observed thresholds for the CSR bursts. For different electron beam energies and bunch lengths, the instability threshold was measured at 94 GHz by microwave detector, and by Si bolometer (up to X = 100 pm).
It was observed that above a threshold single bunch current, bursts of signal appear. As the current increases, the burst signals increase in both amplitude and frequency. The polarization of the radiation was measured to be entirely in the plane of the electron beam orbit, consistent with the expected polarization level of greater than 99.5%. At the highest single bunch current. the bunts appear almost continuously. The plot of measured threshold current as a function of beam energy is shown in Fig. 3 . A good agreement with the theory was found for two different wavelengths of the microbunching. 
FUNGS WITH WIGGLERS
In the damping ring of the Next Linear Collider [21] , there will be long magnetic wigglers which introduce an additional contribution to the radiation impedance. The analysis of the CSR instability in such a ring requires knowledge of the impedance of the synchrotron radiation in the wiggler. Based on the earlier study of the coherent radiation from a wiggler Results of the analysis of CSR instability in the NLC ring, taking into account the wiggler CSR impedance can be found in Ref. [24] .
DISCRETE MODES NEAR SHIELDING THRESHOLD
There are several masons why the simple theory of CSR microbunching instability developed in Ref. 
BUNCH COMPRESSOR
Microbunching due to CSR induced instability has been also identified in computer simulations as a potential danger in bunch compressors [31], where the energy spread in the beam is extremely small.
The basic mechanism of the instability is the same as in rings, with an additional complication due to the energy chirp in the beam [32-341. As a result of the instability, an initial density perturbation in the beam with amplitude n l and a wavelength A. after passage through the compressor, will be amplified to amplitude n2. The ratio G = n2/n1 is called the gain factor; it is a function of A. Note, that the wavelength of the perturbation after compression is smaller than the initial wavelength by a factor of compression ratio. Unstable wavelengths observed in simulations can be very short-of order of few mimns. It was found that both the transverse emittance of the beam and its energy spread have a strong stabilizing effect at short wavelengths. Calculation of the gain factor for combined effect of both LCLS bunch compressors was carried out in Ref.
[35], and is shown in Fig. 4 . The solid line corresponds to the rms energy spread Over the last several years, there has been a remarkable progress, both theoretically and experimentally, in our understanding of this microbunching instability and related coherent synchrotron radiation in rings. The existing theory predicts thresholds for the instability, and computer simulations show nonlinear evolution of the unstable state. These theoretic'al results are in good agreement with experimental observations.
Another practically important area of application of the CSR theory is bunch compressors. where amplification of an initial density perturbation can lead to the emittance growth of the compressed beam. Detailed studies and simulations of microbunching resulted in improved design of compressors, with a deleterious effect of CSR suppressed to a tolerable level.
